terminations. New data from 2700 to 3000 m show that the deep SW Atlantic was isotopically distinct from the abyss during HS1. As a result, we find that mid-depth δ 13 C minima were most likely driven by an abrupt drop in δ 13 C of northern component water. Low δ 13 C at the Brazil Margin also coincided with an~80‰ decrease in Δ 14 C. Our results are consistent with a weakening of the Atlantic meridional overturning circulation and point toward a northern hemisphere trigger for the initial rise in atmospheric CO 2 during HS1.
Introduction
The Last Glacial Maximum (LGM;~20 kyr B.P.) was characterized by several major changes in the Earth's mean climate state, including the presence of massive continental ice sheets in North America and Eurasia [Clark et al., 2009] , an~120 m lowering of global sea level [Cutler et al., 2003 ], a 30% decrease in atmospheric CO 2 [Monnin et al., 2001] , and surface [Shakun et al., 2012] and deep ocean temperatures several degrees colder than today [Adkins et al., 2002] . Lower atmospheric CO 2 levels are thought to have been driven by sequestration of respired carbon in the abyssal ocean [Broecker, 1982; Sigman and Boyle, 2000] . Low benthic foraminiferal δ 13 C values in the Atlantic Curry and Oppo, 2005] , Indian , and Pacific Oceans [Herguera et al., 2010] support the notion that 13 C-depleted carbon accumulated in the abyss.
Enhanced upwelling in the Southern Ocean and outgassing of carbon may have caused atmospheric CO 2 to rise during the last deglaciation [Anderson et al., 2009] . Consistent with this idea, the initial 30 ppmv increase in atmospheric CO 2 from~17.5 to 16 kyr B.P. coincided with a decrease in the δ 13 C of CO 2 of 0.3‰ [Monnin et al., 2004; Schmitt et al., 2012; Veres et al., 2012] . If the abyssal ocean was the source of light carbon, then benthic δ 13 C and δ 18 O records should record a change in the abyssal circulation at approximately the same time that atmospheric and surface ocean δ 13 C decreased. The primary objective of this paper is to evaluate whether data from the southwest Atlantic support an abyssal ocean source for the initial rise in atmospheric CO 2 . Although the abyssal southwest Atlantic clearly changed from A secondary objective is to evaluate the source of negative carbon isotope excursions at the Brazil Margin. Carbon isotope minima were ubiquitous in the surface and mid-depth Atlantic during the deglaciation [Oppo and Fairbanks, 1989; Curry et al., 1988; Slowey and Curry, 1995; Peck et al., 2006; Thornalley et al., 2010] . The largest anomalies occurred in the mid-depth North Atlantic, with δ 13 C decreasing up to 1‰ at multiple locations [Zahn et al., 1997; Zahn and Stuber, 2002; Rickaby and Elderfield, 2005; Peck et al., 2006; Praetorius et al., 2008; Thornalley et al., 2010; Oppo et al., 2015] . The source of the δ 13 C minima remains controversial, and several mechanisms have been proposed, including regional brine formation [Dokken and Jansen, 1999; Waelbroeck et al., 2011] , greater incursion of southern source intermediate water [Rickaby and Elderfield, 2005] , and weakening of the Atlantic meridional overturning circulation [Zahn et al., 1997] . Tessin and Lund [2013] argued that the mid-depth anomalies at the Brazil Margin could not be easily explained by the incursion of southern component water (SCW) or by mixing between abyssal SCW and northern component water (NCW). Here we present new results from 2700 m and 2900 m water depth that better define SCW properties during the deglaciation. Using these new data, we re-evaluate potential drivers of the mid-depth anomalies.
Methods

Stable Isotopic Records
The cores developed for this study were raised from the Brazil Margin during cruise KNR159-5 (Table 1 ). The cores include 14GGC (440 m water depth), 90GGC (1105 m), 63GGC (2732 m), and 20JPC (2951 m). Stable isotope results for 14GGC and 90GGC were presented in Curry and Oppo [2005] . For 63GGC and 20JPC, samples were taken at 4 to 5 cm intervals, freeze-dried, and washed through a 63 μm sieve. Each sample was picked for Cibicidoides wuellerstorfi (>250 μm size fraction), and individual tests were analyzed for δ 18 O and δ 13 C using standard procedures [Hoffman and Lund, 2012] . Samples from 20JPC were also picked for Globigerinoides ruber (>250 μm size fraction) to evaluate the stratigraphic integrity of the core; 6-7 tests were used for each isotopic analysis. Both benthic and planktonic samples were run on a triple-collector gas source mass spectrometer coupled to a Finnigan Kiel automated preparation device at the Stable Isotope Laboratory at the University of Michigan. Data were converted to Vienna Peedee belemnite using NBS 19 (n = 27, δ [Ostermann and Curry, 2000] .
Age Models and Benthic Δ 14 C
The age models for the Brazil Margin cores are based on radiocarbon dates of the planktonic foraminifer G. ruber (>250 μm size fraction). The weights of G. ruber samples used for 14 C analysis ranged between 1 and Figure 1 . Locations of the 12 cores used in this paper ( 5 mg. In cases where the total mass of G. ruber was less than 1 mg, the samples were supplemented with G. sacculifer (>250 μm). Samples were prepared for 14 C analysis following standard procedures at the Keck Carbon Cycle Accelerated Mass Spectrometer Laboratory at the University of California Irvine. We used a ΔR of zero years to constrain surface water reservoir ages. The modern surface water reservoir at 27°S on the Brazil Margin is 407 ± 59 years, equivalent to a ΔR of 7 ± 59 (n = 12) [Angulo et al., 2005] . We used a ΔR error of ±200 years (1σ) to account for unknown changes in reservoir age through time. Calendar ages for 14GGC, 90GGC, 63GGC, and 20JPC were calibrated using Calib v.7.0 (http://calib.qub.ac.uk/calib/calib.html) ( Table 2) . To ensure consistency amongst the Brazil Margin records, all published radiocarbon ages for the cores were re-calibrated using Calib v.7.0.
Benthic radiocarbon analyses were performed on 21 samples from core 78GGC. In each case, the analyses were based on 5-10 mg of Uvigerina spp. from the >250 μm size fraction (Table 3) . Previous work at the Brazil Margin suggests that 14 C-dates based on Cibicidoides spp. and Uvigerina spp. from the same samples yield similar ages [Sortor and Lund, 2011] . Following the method outlined in Lund et al. [2011b] , our estimates of deepwater Δ 14 C were made by age correcting the benthic 14 C results with calendar ages determined using planktonic foraminifera from the same sample. The resulting error bars for each benthic Δ 14 C estimate represent the compounded analytical and calendar age uncertainty, determined using a Monte Carlo approach.
Vertical Profiles
Once each core was placed into a common chronologic framework, the records were interpolated at 1 kyr intervals from 1 to 23 kyr B.P. In order to preserve the timing of isotopic variability in each core, no smoothing function was applied. Although this yields somewhat noisier results for the low-resolution Holocene portion of the records, it facilitates comparison with other paleoclimate archives. In some cases, the Brazil Margin time series did not span the entire 1 to 23 kyr B.P. time interval. In these instances, the missing values were determined by extrapolation of the nearest results in the same core (Table 1) . The extrapolated values represent <10% of the total data points used in the vertical profiles. These data have little influence on the key results presented here because the points are exclusively from the LGM and late Holocene intervals. As shown below, both are periods of relatively stable water mass conditions at the Brazil Margin.
Northern Component Water Time Series
Determining whether the Brazil Margin stable isotopic records reflect the influence of northern component water requires the creation of a representative time series from the North Atlantic. We used three cores to create a stacked record for the subpolar North Atlantic, including ODP984, NEAP4K, and RAPiD-10-1P (Table 4 ). The two other cores listed in Table 4 -23  1296  36GGC  SL2011  CO2005  na  1627  17JPC  TL2013  TL2013  23  1829  78GGC  TL2013  TL2013  21-23  2082  33GGC  TL2013  TL2013  1  2296  42JPC  HL2012  CO2005  na  2500  30GGC  TL2013  TL2013  1 Age models for the North Atlantic records were developed using a combination of 14 C ages and tie points. Radiocarbon ages for ODP984 [Praetorius et al., 2008] were re-calibrated using Calib v.7.0 to ensure consistency with the Brazil Margin results. For the deglaciation (20-10 kyr B.P.), we used the regionally averaged high-latitude North Atlantic surface water reservoir ages presented in Table S4 of the supporting information for Stern and Lisiecki [2013] , which reach a maximum of 1260 years during HS1 (i.e., a ΔR of 860 years). These reservoir ages yield calendar ages that are approximately 1 kyr younger, meaning that the abrupt shift in δ 13 C and δ
18
O occurs at~18 kyr B.P. rather than~19 kyr B.P., in good agreement with core M35003 from the subtropical North Atlantic. For the LGM and Holocene sections of ODP984, we used a ΔR of 0 ± 200 years (1σ) to account for the subtler reservoir age variability estimated for these time intervals [Stern and Lisiecki, 2013] . Following Oppo et al. [2015] , we also added a tie point based on correlation of the ODP984 % Neogloboquadrina pachyderma (s) record to GISPII δ 18 O at 14.5 kyr B.P.
Given its lack of radiocarbon ages, the age model for NEAP4K is based on correlation of its benthic δ a Results at 145 cm and 165 cm are planktonic 14 C age reversals, most likely due to bioturbation. In instances where nearby planktonic samples had radiocarbon ages within ±1σ, the samples were averaged (57 cm and 61 cm; 113 and 117 cm). a In instances where nearby planktonic samples had calendar ages within ±1 standard deviation, the samples were averaged to produce a mean age. All of the dates are based on G. ruber, and all were run at UC Irvine with the exception of three samples for KNR159-5-90GGC, which were run at Woods Hole Oceanographic Institution (WHOI) National Ocean Sciences Accelerator Mass Spectrometry (100.5 cm, 144.5 cm, and 200.5 cm). These three dates were provided by Delia Oppo. n/a, not applicable.
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re-calibrated using Calib v.7.0 and an assumed ΔR of 0 ± 200 years.) This region is less likely to experience large changes in surface water reservoir age than the high-latitude North Atlantic. The M35003 benthic δ 13 C record bears a strong resemblance to ODP984, NEAP 4 K, and mid-depth time series from the Brazil Margin.
The age model for RAPiD-10-1P is well constrained from 1 to 15 kyr B.P. based on a combination of radiocarbon ages, ash layers, and correlation of its % N. pachyderma (s) record to NGRIP δ
18
O [Thornalley et al., 2010] . Prior to 15 kyr B.P., however, the age model lacks solid age constraints. We therefore assigned an age of 18 kyr B.P. to the beginning of the 1‰ decrease in benthic δ 13 C at 270 cm so that its δ 13 C record is consistent with the ODP984 and M35003 time series.
Results
Brazil Margin Age Models
The age models for Brazil Margin cores 14GGC, 90GGC, and 63GGC are shown in Figure 2 . Calendar ages for 14GGC display a monotonic increase with depth with the exception of a small reversal at 122 cm. Given that the ages at 114 cm and 122 cm overlap at one sigma, the results were averaged to create a single age control point. The age model for 90GGC is less well behaved and shows a broad interval of unusually young ages from 105 cm to 150 cm. Core 63GGC also displays reversals at 24.5 cm and 42.5 cm. Age reversals of similar magnitude exist in other Brazil Margin cores. Detailed analysis of radiocarbon ages and individual benthic foraminifera suggests that the reversals are the result of deep burrowing that carries young material down-section [Sortor and Lund, 2011; Tessin and Lund, 2013] . Here we assume that a similar phenomena occurred in 90GGC and 63GGC and discard the anomalously young ages. The resulting age model yields δ
18
O and δ
13
C time series consistent with results from shallower and deeper in the water column.
The age model for core 20JPC displays age reversals of several thousand years (Figure 3, top) . The reversals are focused in the 50 to 100 cm interval with an additional smaller reversal at 145 cm. Given the large amplitude Figure 2 . Calendar ages (red circles) and age models (dashed lines) for cores KNR159-5-14GGC, KNR159-5-90GGC, and KNR159-5-63GGC based on G. ruber (>250 μm). The error bars for each calendar age represent the ±1σ uncertainty. In most cases, the error bar is smaller than the symbol. Age reversals not included in each age model are shown as black circles. In the case of 14GGC, the two ages near 120 cm were averaged to create one control point. Cores 90GGC and to a lesser extent 63GGC have ages out of stratigraphic order. A similar phenomenon occurs in other Brazil Margin cores and is related to deep burrowing [Sortor and Lund, 2011; Hoffman and Lund, 2012] and the variable abundance of planktonic and benthic foraminifera (see Figure 3) . Note that the benthic stable isotopic time series for cores 14GGC, 90GGC, and 63GGC lack obvious evidence of bioturbation from up section (Figure 4) . The Holocene section of 20JPC is characterized by high %CaCO 3 and a high ratio of planktonic to benthic foraminiferal shells (Figure 3, bottom) . The planktonic/benthic ratio is 10-30 times greater during the Holocene than deglaciation. As a result, downward burrowing of Holocene material will have a greater influence on planktonic 14 C ages and δ 18 O than on the benthic stable isotopic records. We therefore exclude anomalously young ages from the age model for 20JPC. As shown below, there is no evidence of Holocene benthic foraminifera in the 50-100 cm depth range, most likely due to the low planktonic/benthic ratio in this part of the stratigraphy.
Stable Isotope Time Series
The benthic stable isotopic records for 14GGC, 90GGC, 63GGC, and 20JPC are shown in Figure 4 . ( Figure 4 ). The age reversal intervals in each core (grey bars) do not contain benthics from the Holocene portion of the stratigraphy. If downward burrowing of benthics from the Holocene did occur, it would cause the deglacial shift in δ 18 O to occur earlier rather than later. At 2500 m and 3589 m water depth, the primary shift in benthic δ 18 O also occurred after 15 kyr B.P. [Tessin and Lund, 2013; Hoffman and Lund, 2012] . The overall agreement between four records spanning 2500 m to 3600 m water depth and the lack of evidence for bioturbation of benthics indicates that the cores yield a reliable picture of δ 18 O variability during the deglaciation.
Similar to δ 18 O, the deglacial evolution of benthic δ 13 C varies with water depth. At 440 m, the 0.4‰ increase in benthic δ 13 C from the LGM to Holocene is interrupted by a 0.3‰ negative excursion beginning at~16 kyr B.P. The amplitude of the δ 13 C anomaly is approximately half that at mid-depths, and it occurred >1 kyr later [Tessin and Lund, 2013] . In contrast, δ 13 C at 1105 m increased monotonically during the deglaciation from 0.4‰ at the LGM to 1.3‰ in the late Holocene, a total change of 0.9‰. This is similar to but larger than the 0.5‰ deglacial shift that occurred at 1268 m water depth [Curry and Oppo, 2005] . At both 2732 m and 2951 m, δ 13 C decreased slightly from 21 to 15 kyr B.P. and then increased. The δ [Stuiver and Ostlund, 1980] . Estimates of ΔΔ 14 C (reconstructed benthic Δ 14 C-atmospheric Δ 14 C) show that 14 C at 1800 m was generally depleted during the deglaciation, reaching values as low as À260‰ (Figure 5 , middle). This is similar to the À250‰ difference between deep northeast Pacific and atmospheric Δ 14 C today [Key et al., 2004] . The LGM to HS1 transition is marked by a shift in ΔΔ 14 C of~70‰. The overall pattern in 78GGC ΔΔ 14 C is similar to the benthic δ 13 C record, with each time series showing a broad deglacial minimum. The largest ΔΔ 14 C anomaly appears to have occurred late in the deglaciation, however, whereas the maximum δ 13 C anomaly occurred during HS1.
Northern Component Water
The stacked δ 18 O record for the subpolar North Atlantic was generally stable during the LGM and then decreased abruptly beginning at~18 kyr B.P. (Figure 6 ). The δ 18 O then stabilized before decreasing again at 12 kyr B.P., reaching stable Holocene values by~7 kyr B.P. The records at 12°N and 52°N generally have more depleted
18 O values due to their lower latitude locations. Benthic δ 13 C variability is similar among all of the North Atlantic cores, although the data at 12°N are generally more depleted, presumably due to mixing with southern source water. The stacked δ 13 C record shows a 0.8‰ decrease at the beginning of HS1. Note that all of the North Atlantic records converge on a similar δ 13 C value by 17 kyr B.P. Averaging the HS1 intervals in the five cores yields a δ 13 C of 0.72 ± 0.12‰ (1σ) and δ 18 O of 3.12 ± 0.14‰ (1σ). If we instead define HS1 as the interval with lowest δ 13 C in the five cores, the mean δ 13 C is 0.61 ± 0.04‰ (1σ) and the mean δ 18 O is 3.04 ± 0.24‰ (1σ). Oppo et al. [2015] used a different combination of cores from the subpolar North Atlantic and found similar HS1 δ 13 C and δ 18 O values (0.6‰ and 3.2‰, respectively).
Although δ 13 C and δ 18 O vary somewhat depending on location, the differences are small relative to the large isotopic shift during HS1.
Brazil Margin Vertical Profiles
Vertical profiles of δ The grey bars indicate the approximate interval of disturbed sediment as indicated by the age models (Figures 2 and 3 ).
Unlike the age models, the benthic stable isotopic time series lack evidence of deep burrowing from up-section. Both 63GGC and 20JPC show the primary deglacial increase in δ (1300-2500 m) but remained essentially unchanged below 2500 m. Only after 15 kyr B.P. did δ 13 C increase in the deeper portion of the water column, lagging the negative carbon isotopic excursion at mid-depths by~2 kyr (Figure 8 ). By the early Holocene (7-9 kyr B.P.), a quasi-modern δ 13 C profile began to emerge, with 13 C-depleted water in the abyss, 13 C-enriched water from~2000 m to 3000 m, and 13 C-depleted water from~1300 m to 1800 m (Figure 7 ). at the deepest sites early in the deglaciation, implying that isotopically depleted and/or warmer water entered into the abyssal SW Atlantic from the south (Figure 8 ). Later in the deglaciation, high δ 18 O centered at 3 km water depth was apparently eroded by mixing from above and below. The δ 18 O-delineated water mass boundary between 2000 m and 2500 m persisted throughout the deglaciation and into the early Holocene, however. By 7 kyr B.P., the "step" in δ
18
O disappears, broadly consistent with the timing of sea level stabilization [Cutler et al., 2003; Thompson and Goldstein, 2006] . It therefore appears that the primary driver of δ
O stratification at the Brazil Margin was input of isotopically light water from melting of the Northern Hemisphere ice sheets. This inference will require verification with temperature estimates based on benthic foraminiferal Mg/Ca.
Discussion
Evolution of the Deep SW Atlantic
The primary aim of developing detailed isotopic records from the Brazil Margin was to create a series of discrete vertical profiles that could be used to infer water mass properties in the southwest Atlantic during Termination I. In particular, our goal was to test whether circulation tracers in the abyssal southwest Atlantic changed in step with the decline in atmospheric δ 13 C. Both the vertical profiles ( Figure 7 ) and contoured benthic δ 13 C anomalies (Figure 8 ) suggest that this was not the case. Benthic δ 13 C in the abyssal SW Atlantic showed little change early in the deglaciation, with only the deepest site showing signs of a positive δ 13 C shift by 16 kyr B.P. Prior to this time, δ 13 C either decreased or remained stable at all depths (Figure 10 ). At mid-depths, however, the δ
18
O shift began at 17 kyr B.P. or earlier (Figure 10 ). An assumption of δ
O synchroneity across a range of water depths, even at same geographic location, would therefore introduce age errors of 2 kyr or more. [Rickaby and Elderfield, 2005] , ODP948 (red) [Praetorius et al., 2008] , RAPiD 10-1P (green) [Thornalley et al., 2010] , M35003 (grey) [Zahn and Stuber, 2002] , and MD01-2461 (grey dashed) [Peck et al., 2006] . Each record has been interpolated at 1 kyr intervals from 1 to 23 kyr B.P. 2000 m water depth. As a result, efforts to adjust shallower records for ice volume will likely undercorrect for meltwater and yield artificially large increases in temperature. Given these complications, the most reliable way to determine the effect of ice volume on benthic foraminiferal records will be to isolate δ
O w using paired δ
O and temperature analyses.
Evolution of the Mid-Depth SW Atlantic
The late change in the deep SW Atlantic records informs our understanding of anomalies at mid-depth. As discussed in Tessin and Lund [2013] , records from 1600 to 2100 m display an abrupt decrease in C pairs for the deep southwest Atlantic (blue circles), the mid-depth Southwest Atlantic (red circles), and the subpolar North Atlantic (open circles). During the LGM, the mid-depth Brazil Margin data fall on a mixing line between the abyssal Brazil Margin and the North Atlantic results, as discussed by Tessin and Lund [2013] . During HS1, however, the mid-depth results fall on a mixing line between the deep South Atlantic and subpolar North Atlantic data. This finding is insensitive to the choice of data used to define North Atlantic δ 18 O and δ 13 C during HS1. If instead we use data from all five cores in Table 4 , the resulting mean HS1 values would be 3.1 ± 0.1‰ (1σ) for δ 18 O and 0.7 ± 0.1‰ (1σ) for δ 13 C. Using the interval of minimum δ 13 C in each core makes little difference (3.0 ± 0.2‰ for δ 18 O and 0.6 ± 0.05‰ for δ 13 C). These estimates are within error of those determined by Oppo et al. [2015] using a different combination of high-resolution North Atlantic cores. It therefore appears that the negative δ 13 C anomalies at the Brazil Margin can be accounted for by mixing between two water masses, one from the upper North Atlantic and the other from The continued influence of NCW at the Brazil Margin implies that its flux remained a substantial fraction of the LGM value. Because benthic δ 18 O is a conservative tracer and it had a large north-south gradient during HS1 (~1.5‰), it can be used to assess the relative influence of NCW versus SCW at the Brazil Margin. During the LGM, NCW accounted for 73% of the isotopic signal at 1800 m water depth and 42% at 2300 m (Table 5a ). By comparison, the HS1 proportions ranged from 52% to 35% (Table 5b ). O results imply that NCW continued to affect the Brazil Margin and that the majority of the δ 13 C signal was driven by changes in the NCW end-member rather than a large reduction in the AMOC. Alternatively, along isopycnal diffusion could have transmitted the low δ 13 C signal from the North Atlantic in the absence of robust advection. This scenario is consistent with simulations of AMOC collapse that yield substantial δ 13 C anomalies in the South Atlantic [Schmittner and Lund, 2015] .
The HS1 δ
18 O signal at mid-depths was either caused by an input of meltwater, warmer temperatures, or some combination of the two. Benthic Mg/Ca data from two subpolar North Atlantic sites suggest that temperatures at 1-1.5 km water depth increased approximately 3°C during HS1 [Marcott et al., 2011] . If these data are representative of the broader North Atlantic, then more than half of the 1‰ δ 18 O signal could be attributed to temperature. It is important to note, however, that the Mg/Ca data in the HS1 interval are based on multiple Cibicidoides species and the associated calibration curve is defined primarily by sites with temperatures >5°C . The relative contributions of temperature and meltwater to the δ 18 O signal therefore remain uncertain. Nevertheless, the influence of a warm and/or 18 O-depleted water mass is evident in benthic δ 18 O at the Brazil Margin from 1300 to 2300 m water depth, spanning the time interval from 17 to 8 kyr B.P. (Figure 7 ). The depth range of this water mass is similar to that noted in the North Atlantic [Waelbroeck et al., 2011] .
Taking into account the vertical profiles of δ 13 C and δ 18 O from the Brazil Margin and our best estimates for NCW, we are able to trace the negative carbon isotopic excursion at mid-depths to the North Atlantic rather than the Southern Ocean. We speculate that the signal was transmitted from the North Atlantic to the South Atlantic and then entrained in the Antarctic Circumpolar Current where eventually it was upwelled along isopycnals into the surface Southern Ocean [Marshall and Speer, 2012] . Entrainment into 
Drivers of Northern Component Variability
What was the driver of the δ
18
O signal in the North Atlantic? Dokken and Jansen [1999] argue that coherent planktonic and benthic δ 18 O signals in the Nordic Seas during Heinrich stadial events were due to the formation of brines that transmitted a low δ 18 O meltwater signal from the surface to mid-depth. Subsequent work, however, suggests that much of the Heinrich stadial δ 18 O signal was driven by warming, inconsistent with the brine mechanism [Marcott et al., 2011] . Subsurface warming may be triggered by weakening of the AMOC [Ruhlemann et al., 2004] ; a simulated 70% decrease in AMOC strength yields subsurface temperature anomalies broadly consistent with those estimated using benthic foraminiferal Mg/Ca [Marcott et al., 2011] . Although early Pa/Th results were consistent with a shutdown of the AMOC during HS1 [McManus et al., 2004] , data from shallower in the water column show that Pa continued to be exported out the North Atlantic above 2000 m [Gherardi et al., 2009] . The Brazil Margin data presented here also imply that NCW continued to influence the South Atlantic. If the AMOC was substantially weaker during HS1, then it could account for much of the North Atlantic δ 18 O signal. If this was not the case, then another mechanism would be required to explain the observed warming.
The source of negative carbon isotopic excursions in the North Atlantic has also been enigmatic. Given that a southern source for the anomalies seems implausible, the signal must instead be driven by processes in the North Atlantic. Exchange with a 13 C-depleted atmosphere is an unlikely explanation given that the δ 13 C anomaly in many parts of the North Atlantic was at least twice the atmospheric signal during HS1. Alternatively, enhanced stratification due to meltwater input may have limited air-sea gas exchange and yielded lower oceanic δ 13 C and Δ 14 C [Waelbroeck et al., 2011] . As a consequence, we would expect the atmosphere to display the opposite behavior, but instead both atmospheric δ C decline at mid-depths [Yu et al., 2010; Oppo and Fairbanks, 1989] . Assuming that alkalinity remained approximately constant, the data suggest that dissolved inorganic carbon increased during HS1, opposite the expected pattern if air-sea gas exchange was curtailed. Additional B/Ca records are necessary to determine whether the initial data from V28-122 are representative of the broader North Atlantic.
Another possibility is that enhanced export of 13 C-depleted carbon from surface waters and remineralization at depth could have produced lower NCW δ 13 C values. Such a process would tend to increase the vertical δ 13 C gradient in the upper North Atlantic, however a pattern that appears to be inconsistent with available HS1 δ 13 C data [Oppo and Curry, 2012] . A full test of the biological-pump mechanism will require detailed planktonic δ 13 C records from a range of latitudes in the North Atlantic. Given the data in hand, however, neither decreased air-sea gas exchange nor enhanced biological productivity appears to be feasible explanations.
The most likely cause of the abrupt carbon isotope excursions is weakening of the AMOC. Although direct evidence for AMOC cessation during HS1 remains controversial [McManus et al., 2004; Keigwin and Boyle, 2008; Gherardi et al., 2009; Lippold et al., 2009 ], an overall weakening would limit input of high 13 C water from the surface ocean and therefore create negative carbon isotope anomalies at depth [Zahn et al., 1997; Praetorius et al., 2008] . A reduction in preformed δ 13 C of NCW would also explain the larger HS1 δ 13 C signal in the North Atlantic relative to the Brazil Margin. Additionally, results from an intermediate complexity model suggest that a collapse in the AMOC increases the residence time of deep water in the North Atlantic, allowing for the accumulation of 13 C-depleted respired carbon [Schmittner and Lund, 2015] . The combined effect of changes in preformed δ 13 C and regenerated δ 13 C yields a strong meridional gradient in δ 13 C anomalies, similar to the observed pattern. The magnitude of the modeled δ 13 C signal is somewhat larger than observed, however, suggesting that a complete shutdown did not occur. Such a scenario also appears to be inconsistent with the continued influence of northern component water at the Brazil Margin.
Radiocarbon provides another line of evidence for constraining the Atlantic circulation during HS1. Data from the South Iceland Rise imply that Δ 14 C at~2 km water depth was~500‰ lower than the atmosphere during HS1 [Thornalley et al., 2011] . These results were initially explained by invoking low Δ 14 C southern component water but the lack of similarly large Δ 14 C anomalies at sites further south makes this scenario unlikely [Robinson et al., 2005; Cleroux et al., 2011; Sortor and Lund, 2011; Burke and Robinson, 2012] . As for the δ C values of À150‰ to À250‰ during HS1 [Robinson et al., 2005] , an even larger shift relative to the modern value of À100‰ [Stuiver and Ostlund, 1980] . Thus, there appears to be a north-south gradient in the radiocarbon signal in the western Atlantic, consistent with a change driven by northern component water. The larger ΔΔ 
14
C tracer fields will also be necessary to determine if the timing and magnitude of the reconstructed anomalies can be entirely attributed to a change in circulation or whether additional processes were involved.
Conclusions
The decrease in δ 13 C of atmospheric CO 2 early in the last deglaciation may have been driven by outgassing from a 13 C-depleted oceanic reservoir [Tschumi et al., 2011] . Given that the deep South Atlantic was characterized by low δ 13 C during the LGM, it is a logical choice to explore. Here we evaluate the likelihood of this scenario by synthesizing 12 benthic stable isotopic records from the Brazil Margin that span 400 m to 4000 m water depth. The records are placed in an internally consistent chronologic framework that spans the time interval from the LGM to late Holocene. Despite evidence for age reversals in the cores, we C variability in the North Atlantic appears to be the primary driver of the Brazil Margin signal. A large Δ 14 C anomaly later in the deglaciation may reflect the influence of 14 C-depleted carbon from the Southern Ocean.
The overall pattern in the Brazil Margin records is one of early changes at mid-depth followed by variability in the deeper part in the water column. The data are inconsistent with a change in the abyssal South Atlantic circulation early in the deglaciation. Instead, northern component variability was the most likely driver of the mid-depth anomalies. Detailed data and modeling intercomparison studies will be necessary to determine whether changes in AMOC strength can feasibly account for stable isotope and radiocarbon tracer fields in the Atlantic basin. Given the similarity between mid-depth Atlantic δ 13 C records and atmospheric δ 13 C during the last deglaciation, isolating the driver of the oceanic anomalies will be key to understanding the rise in atmospheric CO 2 during the last deglaciation.
